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PREFACE

The investigation reported herein was sponsored by the Office,

Chief of Engineers, U. S. Army, and was conducted under Project AT40,

Task CO, Work Unit 002, "Repair and Restoration of Paved Surfaces

(REREPS)" during the period July to November 1978. The responsibility

for conducting the study was assigned to the Geotechnical Laboratory

(GL) of the U. S. Army Engineer Waterways Experiment Station (WES),

Vicksburg, Miss.

The investigation was conducted under the general direction of

Dr. W. F. Marcuson III and Mr. J. P. Sale, Chief and former Chief, GL,

and under the direct supervision of Messrs. A. H. Joseph and R. L.

Hutchinson, Chief and former Chief, Pavement Systems Division (PSD), GL.

Engineers and technicians of the PSD actively engaged in the planning,

testing, analyzing, and reporting phases of this study were Dr. G. M.

Hammitt and Messrs. H. L. Green, C. L. Rone, R. W. Grau, S. J. Alford,

and D. L. Cooksey. This report was prepared by Mr. D. L. Cooksey.

Commanders and Directors of the WES during the course of this

study and the preparation and publication of this report were

COL Nelson P. Conover, CE, and COL Tilford C. Creel, CE. The Technical

Director was Mr. Fred R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

-I U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

cubic feet 0.2831685 cubic metres

Fahrenheit degrees 5/9 Celsius degrees or Kelvins*

feet 0.3048 metres

gallons per minute 3.785412 cubic decimetres per minute

gallons per square 4.5273 cubic decimetres per square
yard metre

inches 2.54 centimetres

mils 0.0254 millimetres

ounces 28.34952 grams

pounds (force) 4.44822 newtons

pounds (force) per 6894.757 pascals
square inch

pounds (mass) 0.4535924 kilograms

pounds (mass) per 16.0185 kilograms per cubic metre
cubic foot

square inches 6.4516 square centimetres

* To obtain Celsius (C) temperature readings from Fahrenheit (F) read-
ings, use the following formula: C = (5/9)(F - 32). To obtain
Kelvin (K) readings, use: K (5/9)(F - 32) + 273.15.
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BOMB CRATER REPAIR TECHNIQUES

FOR PERMANENT AIRFIELDS

SERIES I rESTS

PART I: INTRODUCTION

Background

1. The responsibility for emergency war damage repair of U. S.

Air Force air base facilities, including pavement and structures, is

assigned to the U. S. Air Force for accomplishment within their organic

service capabilities. The U. S. Air Force normally uses specially de-

signed landing mat crater repair kits for emergency repair of pavements.

All war damage repairs which exceed the organic capabilities of the

U. S. Air Force are the responsibility of the U. S. Army. The Army is

further assigned the responsibility of developing improved repair and

restoration systems for paved surfaces (REREPS) that would consider

variations in both damage levels from aggressor attacks and in U. S.

forces operational requirements. The systems to be evaluated were to

include materials, equipment, and procedures that are designed to reduce

the personnel requirements, repair time, and cost, as well as to improve

the permanency of the repair. During early stages of hostilities,

REREPS are among the most vital engineer support missions. Experience

in recent conflicts has vividly illustrated the criticality of rapid

repair of specific airbase facilities.

2. This report addresses the repair and restoration of war dam-

aged runways after emergency repairs have been made to permit utiliza-

tion by logistic aircraft as well as the tactical aircraft.

3. The 13th Engineer Brigade in Germany and the U. S. Army Engi-

neer Waterways Experiment Station (WES) have been collaborating to

develop a solution to the REREPS problem. In April 1977, WES and the

13th Engineer Brigade demonstrated an Army capability for REREPS using
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regulated-set concrete.* Subsequently, full-scale loading studies were

conducted at WES and as a construction material the regulated-set con-

crete was adequate; however, it has many disadvantages, such as limited

shelf-life, all weather constraints, very large number of ready-mix

trucks required, etc. Regulated-set concrete Is not considered an

optimum solution but will be kept in inventory while other methods are

researched to determine the best one for European airfields.

Purpose

4. This investigation was conducted to evaluate several field

methods of repair and restoration of bomb craters in airfields. To

accomplish this, a test runway was constructed with simulated crater

repairs made and subjected to aircraft loading of F-4C and C-141. The

object was to determine which methods would be the most reliable and

feasible during and after an enemy attack in which availability of mate-

rials and equipment would be of prime concern. Repair concepts were

discussed with military field personnel to eliminate those not practical

for engineer troop use.

Scope

5. In this study, six simulated craters were repaired with the

following materials: (a) a well-graded crushed limestone, (b) an open-

graded crushed limestone and grout, (c) portland cement concrete (PCC),

and asphaltic concrete (AC). Each method of repair was subjected to

F-4C and C-141 loadings at a specified number of passes to examine

performance.

* R. L. Hutchinson, C. L. Rone, and R. H. Denson. In publication.

"Repair and Restoration of Paved Surfaces; Evaluation of Regulated-Set
Cement Concrete Repair Procedure," Technical Report C-78-2, Report 2,
U. S. Army Engineer Waterways Experiment Station, CE, Vicksburg, Miss.
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PART If: LAYOUT OF TEST SITE, SECTION CONSTRUCTION,
AND rEST EQUIPMENT USED

Test Site

6. A test site was selected at WES on a well-drained ridge that

consisted of a natural lean clay soil deposit. A general view of the

site prior to grading is shown on Photo 1. The initial rough grading and

compaction of the site was accomplished with D-4, D-6, and D-7 bulldozers

(Photo 2), with the D-4 towing a single-drum sheepsfoot roller for com-

paction of the fills. This rough grading covered an area 400 ft* long

by 65 ft wide. The top 6 to 10 in. of the subgrade was processed with a

pulvimixer (Photo 3) to break down the soil and reduce the water content.

A four-wheel pneumatic-tired roller (Photo 4), loaded to 50,000 lb, with

tires inflated to 90 psi, was used for compaction. Final grading of the

site was accomplished with a motor grader (Photo 5). The section was

graded to both a longitudinal slope and a crown of 1.5 percent. Plate

bearing and CBR tests were run and soil samples were taken on the lean

clay subgrade prior to setting the wooden forms for the test lanes to be

paved with concrete (Photos 6-B).

Section Construction

7. The forms for the ll-in.-thick concrete sections of the north

and south lanes (each 20 by 275 ft) were set first (Photo 9). The north

lane contained forms that produced a longitudinal keyway (Photo 10) and

the south lane had both forms and No. 5 tie bars, 30 in. long, placed at

30-in. intervals in the center of the keyway (Photo 11). Concrete was

placed in the south lane first, directly from ready-mix trucks. The

concrete was vibrated using hand vibrators and then screeded with a

wooden straightedge on which two small gasoline-powered vibrators were

* A table of factors for converting U. S. customary units of measure-

ment to metric (SI) units is presented on page 3.
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mounted (Photos 12 and 13). Fiberboard, 1/4 in. thick, was placed in

the wet concrete to a depth of 4 in. to form a weakened plane for creat-

ing transverse joints. A rough finish was accomplished by hand using

bullfloats, trowels, and burlap cloth drags. The same procedure was

used the next day to pour concrete in the north lane. In preparation

for pouring the center lane, forms were set and cross forms were placed

at 25-ft intervals to make 25- by 25-ft sections (Photo 14). Eleven

days after the south lane was completed, concrete, 11 in. thick, was

placed in alternate 25- by 25-ft sections in the center lane, following

the same placing and finishing procedures as those used in the south and

north lanes (Photo 15). Forms from all lanes were removed as soon as

possible after placing the concrete. This method of construction re-

sulted in a total of 28 slabs in the test section and 6 simulated 25-ft

square craters. The north and south lanes each contained 11 slabs and

the center lane contained 6 slabs.

8. As soon as the water sheen began to disappear, the south lane

was sprayed with a curing compound meeting the requirements of test

method CRD-C 300* (Photo 16). The north lane and center slabs were

sprayed with the curing compound and also covered with burlap and wet

cured for approximately 7 days. All exposed edges were sprayed after

the forms were removed from the concrete.

9. A 65- by 65-ft flexible pavement test section was placed on

the east end of the rigid pavement test section. This section consisted

of 3 in. of AC placed over 6 in. of crushed stone and 17 in. of sandy

gravel.

10. Maneuver areas were constructed on each end of the test sec-

tions to provide the load carts with an area in which to shift wheel

paths and traffic lanes. The west maneuver area, which consisted of

15 in. of lime-stabilized clayey gravel, was 65 ft wide and 30 ft long.

The east maneuver area, which consisted of 3 in. of AC over 16 in. of

lime-stabilized clayey gravel, was 65 ft wide and 30 ft long.

* U. S. Army Engineer Waterways Experiment Station, CE. 1977.

"Specifications for Membrane-Forming Compounds for Curing Concrete,"

Handbook for Concrete and Cement, CRD-C 300-77, Vicksburg, Miss.
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11. Since the rigid pavement portion of the test section was to

be overlain with 4 in. of AC, a tack coat of SS-1 asphalt emulsion was

applied to the surface of the PCC at the rate of approximately 0.05 gal/

sq yd (Photo 17). The AC, at a temperature of 3000F, was placed on

the test area after the concrete cured for 40 days. Using an asphalt

spreader, 11-ft-wide lanes were paved on each pass (Photo 18). Break-

down compaction of the asphalt was accomplished with a vibratory self-

propelled roller (Photo 19). A pneumatic self-propelled roller, with

90-psi tire pressure and weighing 50,000 lb, made 12 passes (Photo 20),

and for final compaction, one pass was applied with the steel-wheel

vibratory roller. The density of the AC averaged 136.8 pcf and the

average asphalt content was 4.4 percent.

12. The test section, as shown in Figure 1, was construtrted to

simulate existing European airfield pavements containing boml -raters

requiring repair/restoration.

13. The pavements around craters 1-6 were designed as medium-load

pavements capable of withstanding 5,000 coverages of the C-141 aircraft

with a gross weight of 320,000 lb.

Test Equipment

14. Two specially designed load carts which simulated aircraft

wheel loading were used in these tests. To simulate the single-wheel

loadings of the F-4C fighter aircraft, a load cart with a single-wheel

load of 25,000 lb was used as one of the test carts (Photo 21). As

shown, the load cart was fitted with an outrigger wheel to prevent over-

turning and was powered by the front wheels. The test wheel had a

30.Oxll.5, 24-ply tire inflated to 250 psi to produce a contact area of

ll sq in. and an average contact pressure of 225 psi.

15. In order to simulate the heavier loads of the C-141, a larger

load cart was used (Photo 22). The load box, supported by four tires in

a twin-tandem gear arrangement, was used to traffic the pavement. The

independent action of the outrigger and the load box provided a condi-

tion where the load on the outrigger wheels had no influence on the test

8
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wheels. In simulating conditions of the C-141 aircraft, the test tires

were inflated to 185 psi and the cart was loaded to a total gross weight

of 144,000 ib, resulting in a 208-sq-in. contact area per tire. To

simulate as nearly as possible the effects of the aircraft, the respec-

tive aircraft tires and wheel spacings were used.

10
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PART III: CONSTRUCTION OF TEST CRATERS

Crater Excavation and Backfill

16. The test section for the REREPS is shown in Figure 1. Six

simulated craters, each 25 by 25 ft, were constructed (Photo 23) in the

test section. Each crater was excavated to an approximate center depth

of 10 ft (Photo 24). Craters 1, 2, 3, 4, and 6 were backfilled with

washed Vicksburg, Mississippi River gravel up to within 9 to 18 in. of

the top surface depending on the test material to be placed in the

craters. The washed gravel was smooth and had a maximum size of I in.

and was uniformly graded. The washed gravel was dumped into the craters

from dump trucks and spread with a backhoe (Photo 25). A vibrator foot

attached to the backhoe was used to compact the washed gravel as it was

being spread (Photo 26). To simulate a more hasty repair that might be

expected in a hostile environment, crater 5 was backfilled with a lean

clay and broken concrete. The rubble material was placed in lifts

approximately I ft thick and spread with the backhoe. It was compacted

with the vibrator foot and a gasoline-powered tamper (Photo 27). The

final lift of backfill material was rolled with the vibratory steel-

wheel roller. Gradation curves for the clayey gravel, crushed limestone,

and washed gravel used in the maneuver areas and the lower portion of

craters 1, 2, 3, 4, and 6 are shown in Figure 2. Gradation curves for

materials used in the upper portion of craters 2 and 3 and the subbase

of crater 6 are shown in Figure 3.

Crater Surfacing and Joining Devices

17. The surfacing of each crater varied in type of material,

thickness of material, method of placement, and/or types of devices used

in tying in the crater material to the adjoining concrete. Detailed

descriptions of each crater surfacing material and the types of joining

devices used are given below. Sketches of the various types of joining

devices are depicted in Figure 4. The results of both the density and

11
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water content measurements taken in craters 1-4 during excavations are

shown on Table 1. These measurements were not taken at craters 5 and 6.

Soil data taken at various locations during the testing are shown in

Table 2.

Crater I

18. After backfilling the bottom portion of the crater with

washed gravel, approximately 1 in. of crushed limestone was used to

finish filling the crater (Photos 29 and 29). The limestone was placed

in three lifts. Each lift was rolled with eight coverages of the vibra-

tory steel-wheel roller (Photo 30). The fill around the edges of the

crater was compacted using the vibrator foot (Photo 31). The final lift

was rolled an additional 8 coverages with the vibratory steel-wheel

roller and 48 coverages with the pneumatic roller weighing 110,000 lb

with tire pressure of 90 psi (Photo 32). This was considered to be the

simplest repair method for filling the crater since no special equipment

or materials were required. There were no specially prepared joining

devices required to tie the crushed limestone to the surrounding con-

crete and asphalt. The limestone was also to be used as the final sur-

facing on which the load cart would travel.

Crater 2

19. Prior to the filling of the top 16 in. of crater 2, a

scissor-type moment transfer device was placed in the perimeter of the

crater along the south side of the center line. That portion of the

crater north of the center line had no special joining devices. The

scissor-type devices were fabricated frow; 1/2-in. steel plate and were

placed on 4-ft centers with just enough of the asphalt overlay cut out

to allow the devices to be clamped onto the existing PCC slab (Photo 33).

A sketch of the device is shown in Figure 5. Since this crater was to

be grouted, a layer of sand and dry bentonite approximately 1 ft wide

and I to 2 in. deep was placed on the washed gravel around the entire

edge of the crater in order to prevent the grout from flowing into the

gravel under the existing slab. The gravel in the open crater was also

covered with two sheets of 6-mil polyethylene film to keep the grout

from penetrating into it. A total of seven 4-in.-diam grout pipes made

15

I,

Ii



A B

0
0 CUVDTP"
0
o
0

o 09/16" 0 HOLES

00
0 0

(® + @ WELDED TO FORM
3' 1 OF 4 COMPONENTS

CUT AND PERFORATED .31'
HI-STRENGTH STEEL STO' -

40.N

7/2 0 HEDE O

WW/NUT, LOCKWASHER

4-SSMBE CMPNET
W/OLS&0O

Fiue .Scsortpemmettrnfe ev0

16 00 HEAE

WIUT LOC. *S

* .. * *4*



of polyvinyl chloride (PVC), 20 ft long, were installed in the crater

on top of the plastic film (Photo 34). One end of the pipes was capped

and the opposite end contained a 45-deg connector and a 4-ft extension

added to reach out of the crater and above the limestone. The pipes

contained I/2-in.-wide longitudinal slots spaced throughout the entire

20-ft pipe length. The pipes were placed on 4-ft centers approximately

2.5 ft from the crater edges. One pipe was placed perpendicular to the

others beneath the extensions coming out of the crater. For pumping the

grout, 27-ft-long flexible rubber hoses with inside diameters of 3 in.

were inserted inside the seven PVC pipes until they were 1 ft from the

capped end. Approximately 15 in. of open-graded limestone was placed

into the crater over the pipes using a front-end loader and a dump

truck (Photos 35 and 36). The limestone was spread by a backhoe and

by dragging the bucket of a front-end loader (Photos 37 and 38). The

limestone was sprayed lightly with water to prevent the grout mixture

water from being absorbed by the dry limestone and to facilitate the

passage of the fluid grout around the individual particles of limestone

(Photo 39). The grout was prepared and pumped under a contract using

commercial equipment (Photo 40). The large commercial equipment was

used to facilitate construction and would not be available under combat

conditions. Ready-mix transit trucks or other means of delivery could

be used. The grout that was used in craters 2 and 3 consisted of PCC
(Class A), flake calcium chloride, friction reducer, and water. The

grout had a density of 117 pcf and contained the following percentages t

by weight: cement--68 percent, water--31 percent, calcium chloride--

1 percent, and a friction reducer--0.2 percent (approximately). The

grout was designed to have an unconfined compressive strength of 800 psi

minimum after 8 hr of curing time. The grout was very fluid and level

seeking and was pumped at the rate of approximately 42-168 gal/mmn

(1-4 barrels/min (one oil field barrel is 42 gal)). The grout flow was

15-20 sec through a flow cone.*

* U. S. Army Engineer Waterways Experiment Station, CE. 1980.

"Test Method for Flow of Grout Mixtures (Flow-Cone Method),"
Handbook for Concrete and Cement, CRD-C 611-80, Vicksburg, Miss.
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20. The grout pump was connected to two of the hoses and grout

was pumped until it appeared on the surface of the limestone. As the

grout began to appear on the surface, the pumps were switched to two

other hoses. As the crater filled with grout (Photo 41), the rubber

hoses were progressively drawn out of the PVC pipes until the crater was

completely filled with grout. The perpendicular pipe was the last one

into which grout was pumped. The PVC pipes were then cut off approxi-

mately 6 in. below the surface.

21. The crater was screeded using a 28-ft-long box aluminum beam,

and the surface was covered with a sheet of polyethylene during curing.

There was approximately a 1-hr time lapse from start of grout pumping

until the crater was covered.

22. Specimens for flexure and unconfined compressive strength

tests were cast during the grouting operations. Eight steel beam molds,

48 in. long, 9 in. wide, and 9 in. deep, were filled with the same

crushed limestone aggregate used to fill field test items, and fluid

grout was pumped over the rocks through a rubber hose. Seven 10-in.-

diam by 20-in.-long steel cylinders were filled in the same manner. Six

6-in.-diam by 12-in.-long cardboard cylinder molds were filled with

grout only. The flexure test was performed according to ASTM C 78-75.*

The unconfined compressive strength tests were performed according to

ASTM C 39-72.** Data on the results of laboratory tests on these speci-

mens are shown in Tables 3-5. The strength versus time relationships

for the grouted aggregate are shown in Figure 6.

Crater 3

23. Crater 3 contained two types of moment transfer devices as

shown in Figure 4. The northern half of the crater used an undercut

construction joint beneath the existing slab to provide a stronger joint

* American Society for Testing and Materials. 1978. "Flexural

Strength of Concrete (Using Simple Beam with Third-Point Loading),
Designation: C 78-75, 1978 Book of ASTM Standards, Part 14,

Philadelphia, Pa.
** American Society for Testing and Materials. 1978. "Compressive

Strength of Cylindrical Concrete Specimens," Designation: C 39-72,
1978 Book of ASTM Standards, Part 14, Philadelphia, Pa.
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directly beneath the intersection of the existing slab and the grout

and limestone that was to be placed in the crater. The subgrade under

the edge of the existing slab had to be undercut approximately 6 by 6 in.

to create a cavity into which the grout could flow. The south half of

the crater contained an adjustable flange moment transfer device fabri-

cated from a 1/2-in.-thick steel plate and reinforcement bars welded to

the vertical face (Photo 42). A sketch of this device is shown in Fig-

ure 7. These devices were placed along the crater edges on 4-ft centers.

Again, the purpose of these devices was to allow a continuity between

the surrounding concrete slab and the repaired crater. The top 18 in.

of crater 3 remained to be filled after placement of the washed gravel

in the bottom portion. As in crater 2, sand, dry bentonite, and poly-

ethylene were placed to seal the gravel (Photo 43). Limestone was

stockpiled close to the crater and sprayed lightly with water. Next,

approximately one-third of the top portion of the crater was filled with

grout (Photos 44 and 45). A front-end loader was then used to dump and

spread the stockpiled limestone in the crater to within I in. of the top

surface (Photo 46). The limestone was then compacted with a vibratory

steel-wheel rollcr (Photo 47). Grouting of the crater from the top was

then resumed and the grout was hand finished and covered with polyethyl-

ene. Total time from start of grouting until covering was approximately

2 hr. The grout mixture in craters 2 and 3 was the same. The flexural

and compressive strengths are given in Tables 3-5.

Crater 4

24. After the uniform-graded washed gravel had been placed in the

lower portion of the crater, approximately 15 in. remained to be filled.

Two types of systems were selected as moment transferring devices. In

the north half of the crater, a 6- by 12-in. undercut beneath the exist-

ing slab was excavated (Photo 48). For reinforcement, No. 5 steel

bars 30 in. long were placed on 18-in. centers. These bars were tied

together with 1/2-in. bars. This system was similar to the north half

of crater 3 except that steel was added to the undercut in crater 4 for

additional strength. The south half of the crater contained 1-in. steel

dowels, 16 in. long, placed on 12-in. centers around the vertical face

20
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of the existing concrete slab at a depth of 6 in. below its top. Holes

for the dowels were drilled using an electric roto-core drill mounted

on the face of the concrete (Photos 49 and 50). The dowels were in-

serted 8 in. into the holes and grouted using an epoxy resin mixed with

sand. After the grout had set, the exposed 4 in. of the dowels were

coated with oil to prevent bonding to the concrete that was to be placed

in the crater (Photo 51). The craters were lightly sprayed with water

to prevent the gravel from drawing moisture from the concrete. Concrete

was placed into the crater directly from the ready-mix trucks (Photo 52).

It was spreid as necessary by hand and vibrated using internal vibrators.

The surface was screeded and finished using a vibrating straightedge,

bullfloats, and trowels, followed by a wet burlap drag (Photo 53). The

exposed concrete surface was covered with burlap and sprayed with water

and then covered with polyethylene to prevent moisture evaporation. The

burlap was wet each day as necessary to maintain proper moisture during

curing (Photo 54). During the pouring of the concrete, cylinders and

beams were made from various batches of concrete for laboratory compres-

sive and flexure tests. The concrete was cured for 24 hr prior to traf-

fic. The results of these tests are presented in Table 6.

Crater 5

25. Crater 5 was very similar to crater 4 in that it was ini-

tially backfilled to within 15 in. of the top and was then filled with

ready-mix concrete. The moment transfer devices were also the same.

The difference in the two craters was that the lower portion c'f crtter 5

was backfilled with a mixture of lean clay and rubble rather than washed

gravel (Photo 55) to simulate compaction applied by troops in the field.

The material selected was chosen to be more nearly like the concrete

rubble that would be available at an actual crater site in the field in

the event washed gravel was not available. The top 15 in. was filled

with concrete as previously described for crater 4 (Photo 56). Compres-

sive and flexural strengths are shown in Table 6.

Crater 6

26. Crater 6 was a conventional AC repair consisting of 3 in. of

AC over 9 in. of dense graded crushed limestone. The limestone was
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placed in two lifts over the washed gravel. A front-end loader was

used to place and spread the limestone (Photo 57). The first lift was

rolled with 8 coverages of a vibratory steel-wheel roller (Photo 58) and

12 coverages of a 110,000-lb pneumatic-tired roller with four tires

inflated to 90-psi pressure (Photo 59). The second lift was rolled with

16 coverages of each roller. Dry density, CBR, and water content data

are given in Table 2. A prime coat of SS-I was applied at 0.5 gal/sq yd

(Photo 60). The AC was dumped into the crater from dump trucks

(Photo 61) and spread with a motor grader (Photo 62). The AC was rolled

with a vibratory steel-wheel roller (Photo 63) and a 50,000-lb self-

propelled roller with rubber tires inflated to a pressure of 90 psi.

There were eight coverages with each roller. The density of the AC was

139.8 pcf.

23
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PART IV: TRAFFICKING ON TEST SITE

Lane Descriptions

27. Two parallel traffic lanes were established on the test sec-

tion to allow concurrent traffic on both the north and south sides of

the craters. Guidelines were painted on the sections to assisL the

operator in maneuvering the load carts along the test section. These

were supplemented by metal poles placed at one end of the section to

provide a visual reference guide to the operators while backing the load

carts. An aerial view of the test section with the C-141 test cart

positioned in lane I between craters 3 and 4 is shown in Photo 64. Fig-

ure 1 shows the location of traffic lanes with respect to the test cra-

ters and the overall test section.

Types of Data Recorded

28. Foundation material densities, water contents, in-place CBR's,

and plate bearing measurements were taken before and after traffic at

representative locations. Cross sections and profiles of the traffic

lanes and craters were taken prior to, during, and after the completion

of traffic. Visual observations of the surfaces of the craters, crater

behavior, and the surface of the slabs encompassing the craters were

made and recorded throughout the periods of traffic and were supple-

mented by photographs.

Application of Traffic

29. Traffic on the test section was distributed across the width

of the traffic lanes in a manner that would represent the actual traffic

distribution on a runway. Under normal aircraft operations, traffic on

a runway is distributed following a normal distribution curve. This type

distribution was simulated for the C-141 and F-4C traffic using the

distribution shown in Figure 8. These distributions provide for the
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majority of the traffic to occur in the central portions of the traffic

lane with lesser amounts of traffic on the outer edges of the traffic

lane. Shown on this plot is the number of passes of the load cart ap-

plied to the indicated width of the traffic lane expressed as a percent

of the number of passes applied to the center of the traffic lane. The

space between traffic lines represents the tire print width and location

of individual tire passes. Profiles of the center of traffic lanes 1

and 2 are shown in Figures 9 and 10, respectively.

30. An overall view of the test section showing the F-4C and

C-141 load carts operating in lanes 1 and 2, respectively, is shown in

Photo 65. To accelerate the traffic testing, the two traffic lanes

were laid out on the test section to allow simultaneous testing. The

center line of lane 1 was located so as to coincide with the southern

edge of the craters, and the center line of lane 2 coincided with the

northern edge. This allowed for meandering of the load wheels both

along and on either side of the joint as well as allowing the entire

gear to be supported by both the repaired crater and the unrepaired

pavement. Initially, 760 passes of the F-4C load cart were applied to

lane 1 followed by 4692 passes of the C-141 load cart. Traffic was re-

sumed after 4 months with the C-141 loading and an additional 408 passes

were applied. This resulted in a total of 760 passes of the F-4C load-

ing and 510u passes of the C-141 loading on lane 1. Only the C-141 load

cart was used to traffic lane 2 with 3400 passes being applied initially,

followed by an additional 1700 passes applied after the 4-month weather-

ing period. This resulted in a total of 5100 passes of the C-141 load

cart on lane 2. After the F-4C traffic was completed, the C-141 load

cart was alternated between lanes I and 2 at various pass levels to keep

the coverage levels similar with respect to each day's traffic. Be-

havior of each of the craters during traffic is discussed in the follow-

ing paragraphs.

Crater 1. lane 1

31. The condition of the portion of crater 1 that was in lane 1

is shown in Photo 66 prior to traffic. As indicated in the photograph,

the center line of the 105-in.-wide traffic lane coincides with the

26

. .|I



-,

z 4 4

14 '-4
LiZ

Li
4

4

4. t4.4

<~i0

-.4

S 4. 440
000

4.r

ui >. L

LiI >

S3:N 44-4V31
S HZNl 'O11V3-0

Li 27



AL U

0-4

'-4

4.

ww
oc juz

I - M I- 0

0

0 0

0-4

"4

00

~ N
< o (

0 z z
w

o o I

om~

28



joint between the repaired crater and the existing pavement. The

initial traffic was applied with the F-4C load cart for the first

760 passes. Of this total, the last 240 passes were applied in the

rain. As expected, the F-4C loading caused some densification of the

limestone and some limestone was displaced by traffic during the rain.

At the completion of 380 passes, the average rut depth was 1.5 in.

(Photo 67). After 760 passes of the F-4C load cart, traffic was applied

using the C-141 load cart. Only minor densification was noted due to

the additional loading imposed by the heavier C-141 loading. After 1020

passes of C-141 traffic, the surface of the limestone appeared to be in

good condition (Photo 68). Additional traffic was placed with the C-141

cart under normal weather conditions, including some rainfall, and after

3400 passes, a rut depth of 2.1 in. could be measured in the limestone

adjacent to the asphalt pavement (Photo 69).

32. After 3400 C-141 passes of traffic on crater 1, additional

limestone was added and the surface releveled. This was considered to

be normal maintenance that would occur in the field and would prevent

ponding of rainwater and ultimately prevent further breakdown and weak-

ening of the subgrade. The limestone material was transported and

spread using a front-end loader (Photo 70). The material was rolled

with 24 coverages of the pneumatic-tired roller loaded to 110,000 lb

with four tires inflated to 90-psi pressure (Photo 71). After compac-

tion, the surface of the crater was level with the surrounding pavement

(Photo 72). Traffic was continued to 4692 passes (plus 760 passes of

the F-4C load cart). The average rut depth was approximately 0.6 in.

(Photo 73). The crater repair was performing satisfactorily at this

time with only the loose limestone aggregate on the surface presenting

any problem. Traffic was resumed after 4 months and continued to

5100 passes. The only visible change was a small amount of limestone

displaced during traffic. The average rut depth had increased to

0.75 in. when measured from a 10-ft straightedge (Photo 74). This

densification would be expected after this amount of traffic indicating

some routine maintenance would be required to maintain a smooth surface

during operations. The cross sections indicate some subgrade

29
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consolidation as shown on Figure 11. No abnormal ruts wcre present at the

completion of traffic. This is also evident in the profile of lane I

(Figure 9).

Crater 1, lane 2

33. Simulated C-141 traffic was initiated on the north portion of

crater 1 in lane 2 while F-4C traffic was being applied to the south

portion of crater 1 in lane 1. The surface of the crater was relatively

smooth prior to the start of traffic (Photo 75). Initially, there was

some densification of the limestone and some of the limestone fines were

displaced due to rainfall which occurred during traffic. The measured

rut depth after 510 passes of traffic was 2.2 in. Although the surface

was showing the effects of traffic, the problems were not significant

(Photo 76). Traffic continued to 1700 passes and the crater gave no

indication of stress and continued to perform satisfactorily (Photo 77).

Traffic with the C-141 load cart was continued to 3400 passes and, other

than the average rut depth increasing to 2.5 in., no other problem areas

developed (Photo 78). The cross-section and profile measurements showed

some densification of tht limestone in the repaired crater, but this was

considered minor for the number of passes and gross weight of 144,000 lb

on the load cart.

34. One drawback in using this method of repair is the presence

of loose limestone aggregate that could be a potential hazard to jet

engine ingestion and to metal skins on the aircraft. One possible

solution considered in this test was the use of an asphalt-covered

fabric which could be placed by hand over the limestone (Photo 79).

Some rolling was required to cause the material to adhere to the crater

surface (Photo 80). This type material was applied to the portion of

crater 1 that included lane 2 (Photo 81). The fabric used in this in-

vestigation was a commercially available item and consisted of an 8-oz

needle-punched polyester material with each side treated with 0.4 gal of

asphalt (AC-1O) per sq yd. The material was rolled after placement with

a half-ton truck and with the self-propelled rubber-tired roller with a

gross weight of 50,000 lb in an attempt to bond the material to the

limestone surface. The temperature was cool when the fabric was placed
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and it was exposed to the cold and wet climate for 4 months before

traffic was resumed. During the initial 10 passes of traffic, the drive

wheels of the load cart caused the bond between the fabric and limestone

surfaces to fail and wrinkles developed in the fabric (Photo 82). The

individual pieces of limestone began to penetrate the film in several

places (Photo 83). Moisture was found to be present beneath the fabric

and there was little bond to keep the fabric in place. Therefore, the

fabric was removed at the completion of 10 passes of traffic. As traf-

fic continued to 5100 total passes with the C-141 load cart, some lime-

stone was displaced due to traffic operations and due to rainfall. The

average rut depth had increased to 0.5 in. at the completion of traffic

(Photo 84). Figure 11 shows cross sections indicating some densifica-

tion in the repaired crater. This is also evident in the profile of

lane 2 (Figure 10).

Crater 2, lane 1

35. To simulate the actual conditions that would exist in the

field in a bomb crater situation, plans were to begin traffic on the

crater within 24 hr after repair. The surface condition of repaired

crater 2 was relatively smooth immediately after grout placement with

some free water standing in low areas (Photo 85). Traffic in lane I

with the F-4C load cart was begun within 16 hr after the completion of

the grouting. The surface of the crater contained numerous shrinkage

cracks at this time after the 16-hr curing period. Traffic of the F-4C

load cart continued to 760 passes with no apparent damage. After a time

lapse of 43 hr following the placement of the grout, the C-141 load cart

was used to apply traffic. After 340 passes of the C-141 load cart and

88 hr of curing time, the shrinkage cracks were becoming more pronounced.

The larger cracks, which were felt to be load related, were painted

white for location purposes and for later comparisons (Photo 86). Both

corner breaks and transverse cracks were visible in addition to a slight

amount of spalling along the edge of the crater repair. As traffic pro-

gressed through 1020 passes, the spalling increased and some of the

corner breaks and transverse cracks became more pronounced (Photo 87).

However, after 1700 passes there were no additional corner breaks or

32



cracks, but there was visible spalling over the moment transfer devices

(Photo 88). There was some progression of existing corner breaks and

spalling in these areas and along the crater joints after 3400 passes of

the C-141 load cart (Photo 89). Spalling was the most visible indication

of the effect of the prolonged traffic after 4692 passes of C-141 traffic

(in addition to 760 passes of the F-4C load cart). A view of the portion

of crater 2 located in lane I is shown in Photo 90. No structural damage

to the repair that would have any effect on traffic was observed at this

time. After the 4-month delay, traffic was resumed and an additional

408 passes of C-141 traffic was applied, resulting in a total of

5100 passes of the C-141 load cart. The additional traffic caused no

new corner breaks and only a small amount of spalling occurred at the

crater edges (Photo 91). The repair method was considered satisfactory

from a performance viewpoint. Cross sections of crater 2 are shown in

Figure 12. A profile of crater 2, lane 1, is presented in Figure 9.
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Crater 2, lane 2

36. After placement of the grout in crater 2, the surface in

lane 2 was not completely smooth and small water-filled depressions were

visible (Photo 92). The traffic with the C-141 load cart was begun

within 16 hr after grout placement. Again, small shrinkage cracks had

developed prior to the start of traffic. Corner breaks were observed at

both corners of the repair in the traffic lane after 340 passes of the

C-141 load cart, and after 510 passes (45-hr curing time) the edges of

the crater repair and the hairline curing cracks were starting to spall

(Photo 93). With no additional traffic and after 88 total hours curing

time, shrinkage caused more corner breaks and transverse cracks to

develop. These were painted white for identification and future ref-

erence (Photo 94). Due to the shrinkage breaks occurring in this man-

ner, it was difficult to accurately determine which cracks were load re-

lated. After 1700 passes of the C-141 loading, spalling at the corners

of the repair continued but the breaks did not seem to have increased

(Photo 95). As traffic continued up through 3400 passes, the crater re-

pair continued to perform well with no major increases occurring in the

breaks. Spaling along the joints and at the corner did not signifi-

cantly increase with the progression of traffic (Photo 96). As traffic

with the C-141 load cart continued to 5100 passes, there was an increase

in spalling along the crater edges. This apparently was caused by the

method used in filling the crater in which the grout was pumped into the

crater in several lifts. This possibly resulted in thin layers of grout

as the material began to set rather rapidly during construction. No

major breaks developed other than the spalling which was localized near

the joints (Photo 97). The profile and cross section of this crater in

lane 2 showed only minor changes after traffic (Figures 10 and 12).

Crater 3, lane I

37. After placement of the grout in crater 3, the hairline shrink-

age cracks began to appear. Photo 98 shows a view of lane 1 prior to

traffic, approximately 30 min after grout placement. F-4C traffic was

begun within 16 hr after grout placement, and 760 passes of the load

cart were applied. No apparent damage was caused by this traffic.
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Within 48 hr after grout placement and after the F-4C traffic, C-141

traffic was begun. Corner breaks in each corner of the crater repair

were first noted after 80 passes of the C-141 toad cart. After 1020

passes of traffic, the southwest corner still had one corner break and

the southeast corner contained two. As traffic increased to 1700 passes,

spalling began to develop and the corner breaks were still quite evident.

The main corner breaks were painted for identification (Photo 99). Af-

ter 3400 passes of traffic, two additional corner breaks were evident

and spalling was increased along the crater joints and over the moment

transfer devices (Photo 100). Spatling was greatly increased after

4692 passes of C-141 traffic (plus the initial 760 passes of F-4C traf-

fic), but there was no increase in the number or size of the corner

breaks (Photo 101). From 4692 passes to 5100 passes only a slight

amount of spalling took place, and no new breaks occurred in the crater

surface. An overall view of the crater at the completion of traffic

showing the repaired test pit is shown in Photo 102. Profiles and cross

sections of the portion of crater 3 in lane I showed no major changes in

the repair other than minor densification of the overall repair

(Figures 9 and 13).

Crater 3, lane 2

38. Traffic was started within 16 hr after grout placement using

the C-141 load cart (Photo 103). The initial signs of stress in the re-

pair were in the form of spalling and a crack in the northeast section

of the repair. A view of this is shown in Photo 104 after 510 passes of

traffic. Breaks and spalling at each corner and along the joint were

occurring through 1700 passes and the breaks were painted white for

identification (Phot; 105). After 3400 passes, spalling increased along

the edges of the crater repair (Photo 106). However, no major problems

had developed. As traffic was continued in lane 2 to a total of 5100

passes, spalling along the crater joint increased and some of the pieces

breaking out were up to 1 in. in diameter. This was thought to be

caused by the layered method in which the grout cap was placed in the

crater. Apparently this caused no major structural problems other than

creating an irregular roughened surface along the joints (Photo 107).
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Figure 13. Cross section of crater 3 repair

Profiles and cross sections showed only densifications occurring in the

crater repairs (Figures 10 and 13).

Crater 4, lane 1

39. Crater 4 contained conventional PCC in the top portion of the

crater. The concrete surface was relatively smooth and had been allowed

to cure for 7 days after placement (Photo 108). The initial traffic

with the F-4C load cart caused no apparent damage after 760 passes.

F-4C traffic was followed on the eighth day after placement by traffic

with the C-141 load cart. After 544 passes of the C-141 load cart, one

long corner break was observed in the southwest portion of the crater.

The break was painted white and is shown after 680 passes of traffic in

Photo 109. After 782 passes of C-141 traffic, a crack was observed in

the southeast portion of the crater and joined the other cracks and

corner break. This condition is shown in Photo 110 after 1020 passes

of traffic. Although no new breaks occurred after this time, spalling
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began to develop along the edges of the crater and in one of the cracks.

An overall view of this condition is shown after 4692 passes (Photo 111).

Traffic was continued up to 5100 passes and no additional damage was

observed in the crater surface. The surface was relatively smooth and

free from any major spalling (Photo 112). Both the profile and cross-

section measurements showed only minor consolidation after traffic

(Figures 9 and 14).
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Figure 14. Cross section of crater 4 repair

Crater 4, lane 2

40. As in lane I of crater 4, traffic was applied to lane 2

within 7 days after placement of the PCC. The crater was not as level

prior to traffic as some of the other repairs, but this was considered

to be typical of a field-repaired crater (Photo 113). The C-141 load

cart was used for testing. After 1020 passes of traffic, no apparent

damage was evident other than some minor spalling (Photo 114). After

3400 passes of the C-141 loading cart, there were no apparent cracks or
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corner breaks in the repair and spalling at Lhe crater edges was consid-

ered minimal (Photo 115). Traffic was continued with the C-141 load

cart to 5100 total passes. At 3842 passes, a transverse crack developed

in the concrete surface but caused no problem. A view of the crater at

the completion of traffic is shown in Photo 116. Only a small amount of

spalling occurred in the crater. Thus, this type repair and the moment

transfer device used were considered to be quite successful. The pro-

file and cross-section measurements showed no major changes after 5100

passes of the C-141 load cart (Figures 10 and 14).

Crater 5, lane 1

41. Crater 5 contained a conventional PCC repair at the top sur-

face; however, the bottom portion of the repair contained the lean clay

and rubble. The concrete repair patch was slightly irregular and re-

sulted in the top surface being somewhat higher than the adjacent sur-

face (Photo 117). The F-4C traffic was applied within 7 days after

concrete placement and 760 passes of traffic caused no visible damage.

The C-141 traffic followed and after 544 passes of the C-141 load cart,

a corner break was observed in the southeast corner of the repair.

After 680 passes, the break had opened slightly and was painted white

for identification (Photo 118). Two corner breaks developed after 1428

passes of traffic with one in each corner of the portion of lane I in

crater 5. As traffic was continued to 3400 passes, some spalling began

to occur along the construction joints and one corner and there was a

further increase in corner breaks (Photo 119). The profile and cross

section showed very little change due to traffic and the repair per-

formed quite well (Figures 9 and 15). After 4692 passes of the C-141

load cart, no further breaks had occurred, although spalling had in-

creased but presented no major problems (Photo 120). At this time a

test pit was made, repaired, and the test craters allowed to weather for

4 months. After 4 months, however, traffic could not be resumed due to

the weakness of the repair and the wet subgrade beneath the repair.

Thus, traffic was not resumed in lane I on crater 5.

Crater 5, lane 2

42. After placement of concrete in the top portion of crater 5,
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the joint between the asphalt and concrete along the center line of the

traffic lane was slightly high in elevation (Photo 121). Otherwise, the

repair was relatively smooth. The C-141 traffic was initiated on this

lane days 7 after concrete placement. Generally, there were no major

corner breaks in this crater along lane 2 and only a minor amount of

spalling occurred along the joint after 1020 passes (Photo 122). Traf-

fic was continued with the C-141 load cart through 3400 passes, includ-

ing periods of rainfall, and no major corner breaks or cracks were ob-

served (Photo 123). Spalling continued to occur along the repair

joints, but presented no problems. After 4 months, traffic was resumed.

While trafficking with the C-141 load cart during a period of rainfall,

a small amount of subgrade material was pumped up from the northwestern

corner of the crater after 3876 passes (Photo 124). The pumping was

continued for approximately 24 hr after the rainfall had stopped, which

was after 4928 passes of the load cart. Only one transverse crack had
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occurred after 5100 passes of traffic ai4 only minor spalling was evi-

dent (Photo 125). A test pit in this area revealed a hairline crack in

a concrete moment transfer device near the crater face which allowed the

pumping of subgrade material. Otherwise, the moment transfer appeared

to have no other structural damage. Profile and cross-section data in-

dicated very little change in elevation (Figures 10 and 15).

Crater 6, lane 2

43. Crater 6 was a conventional AC repair located only in lane 2.

Photo 126 shows crater 6 immediately prior to traffic. A total of 5100

passes of the C-141 load cart was applied to this repair. Densification

occurred in the crater under traffic. A 10-ft straightedge was used to

measure an average deformation of 0.5 in. after 1020 passes (Photo 127).

As traffic continued, this deformation increased to 1.2 in. after 3400

passes. At this pass level longitudinal fatigue cracks had developed in

the AC pavement section (the entire length of the section) in which the

crater had been placed; however, they were just starting to develop in

the AC crater repair (Photo 128). A test pit was run at this pass level.

CBR and density data obtained in crater 6 are listed in Table 2.

44. After a 4-month delay traffic was continued. The longitudi-

nal cracks did not increase in length. After 5100 passes the average

deformation was 1.25 in. The condition of the crater after 5100 passes

and also the repair made at 3400 passes is shown in Photo 129. A cross

section of crater 6 repair is presented in Figure 16.

Performance of Slabs Encompassing Craters

45. The concrete, upon curing, developed some minor cracks. The

south lane contained transverse cracks with one slab, No. 28, containing

a corner crack (Figure 17). All slabs in the center section contained

transverse cracks, and three contained longitudinal cracks. Seven of

the slabs in the north lane contained transverse cracks and two of these

also contained longitudinal cracks. In some instances, the transverse

cracks continued across two or even three slabs in a seemingly continu-

ous line. All cracks were considered to be shrinkage cracks.
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Figure 16. Cross section of crater 6 repair

46. Although all three of the main concrete slabs, which include

the 28 individual slabs, received heavy traffic, no reflective cracking

was evident in lane 1. Traffic lane I received 760 passes of the F-4C

loading and 5100 additional passes of the C-141 loading. The tie bars

were very effective along the construction joint as a moment transfer

device in holding the two main slabs together. The main breaks that had

occurred during the progression of traffic are shown in Figure 18.

Cracking in lane I occurred primarily around crater I (Photo 130). None

of the structural cracks in lane 2 were considered major.

47. Lane 2 received a total of 5100 passes of C-141 traffic.

Reflective cracking was evident in the asphalt overlay above the

longitudinal-keyed construction joint in the concrete (Photo 131).

After 2856 passes of traffic, reflective cracking indicated that both

corner breaks and a keyed joint failure had occurred in slabs 26 and 27

(Photo 132). A cored sample removed from the key joint area shows the

failed key joint (Photo 133). Slabs 26 and 27 were located near the end

of the test section adjacent to the flexible pavement section and it is

believed this contributed to the failures in the concrete since there

was densification of the flexible pavement during traffic. Due to this

densification the flexible pavement section had a difference in surface
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elevation and thus problems arose as the load wheels tended to "ramp-up"

onto the concrete slabs in the vicinity of crater I after 3400 passes of

traffic. Also, transverse cracks developed in slabs 26 and 27. Proba-

bly the unevenness of the loose limestone in crater 1 contributed to the

corner breaks and cracks around this crater by causing load shifting as

the load wheels passed over the crater surface. However, after 5100

passes of traffic, there were no major cracks in the surface pavement

due to traffic.
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PART V: SUMMARY AND CONCLUSIONS

48. A summary of performance is shown in Table 7. All items

tested performed satisfactorily, although the crushed stone items would

require some maintenance and the AC section did experience densification.

The crushed stone should have only accepted 1800 passes but in actuality

5100 passes were placed. The gravity grout and crushed stone method per-

formed beyond required coverage levels and seem to be high candidate

material systems for further research.
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Table 1

Subgrade Density and Water Content in Area of Craters

Depth Dry Density Water Content

Crater Material ft pcf percent

1 Washed gravel 2 87.9 19.0
10 87.5 20.7

2 Washed gravel 2 103.0 18.0
4 91.9 21.0
6 96.5 22.0
8 88.7 24.0
10 87.1 26.0

3 Washed gravel 2 85.8 24.0
4 90.9 24.0
6 84.3 23.0
8 88.0 23.8
10 87.0 25.0

4 Washed gravel 2 93.2 21.0
4 91.3 22.0
6 83.9 21.0
8 86.1 23.0

10 86.9 23.0
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Table 2

Summary of Soil Data

Dry Water Modulus of
Depth Density Content Subgrade

Location Material in. CBR pcf percent Reaction, k

Center line Lean clay Surface 26 101.9 15.3 172
test pad 6 11 91.7 23.3
Sta 0+65 10 164

12 8 97.1 18.7

Avg 15 96.9 19.1 168

Center line Lean clay Surface 26 103.1 16.3 227
test pad 6 9 103.5 19.9
STA 1+65 10 217

12 9 94.2 23.7

Avg 15 100.3 20.0 222

Center line Subbase (sandy Surface 23 140.9 4.1
AC test gravel)
pad Base (lime- Surface 140 146.1 2.1

stone)

Crater 1 Washed gravel Surface 3.1 167

Crater 3 Washed gravel 115.8 2.5 150

Crater 4 Washed gravel Surface 3.5 182

Crater 5 Rubble 18.0 150

Crater 6 Limestone 125 151.2 3.0

Note: Strength in Crater 2 assumed to be the same as Crater 1.
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Table 3

Flexural Strength of Grout-Limestone Mixture (Steel Beam

Molds-48 in. Long, 9 in. Wide, and 9 in. Deep)

Average
Total Flexural Flexural

Spec Age Load Strength Strength
No. Hours lb psi psi

1 4 1940 70 70

2 8 3030 107

3 8 2930 106 107

4 18 3180 115

5 18 4320 155 135

6 42 5320 195

5540 196 196

7 67 5400 200 200

Note: Rate of load 150 psi per minute. Same crushed limestone aggre-
gate used that was used to fill the actual test items.

Table 4

Compressive Strength of Grout-Limestone Mixture (Steel

Cylinder Molds-10 in. Diameter by 20 in. Length)

Average

Total Compressive Compressive
Spec Age Load Strength Strength

No. Hours lb psi psi

1 4 34,000 432 432

2 8 60,000 763

3 8 49,500 630 696

4 18 82,250 1050

5 18 81,000 1050 1040

6 42 122,500 1560 1560

7 68 110,500 1410 1410

Note: Same crushed limestone aggregate used that was used to fill the
actual test items.



Table 5

Compressive Strength of Grout (Cardboard Cylinder
Molds-6 in. Diameter by 12 in. Length)

Total Compressive
Spec Age Load Strength
No. Hours lb psi

1 4 24,600 870

2 8 38,000 1340

3 8 37,500 1330

4 18 56,500 2000

5 18 37,900 1340

6 42 60,500 2140

Note: These are cylinders of grout only (rock).
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Photo 1. Overall view of bomb damage repair test site prior to

construction
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Photo 2. Initial rough grading of t est s ite
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Photo 3. Processing the top of subgrade with a pulvimixer
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Photo 5. Final grading of the site

4044

Photo 6. Typical setup of plate bearing test
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Photo 7. Typical setup for CBR test

----- -----

Photo 8. Split spoon soil samples being taken along center line
of test section
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Photo 9. Test section after setting forms in north and south lanes

Photo 10. Forms in north lane producing a longitudinal keyway



Photo 11. South lane forms and steel tie bars as moment transfer devices

Photo 12. Concrete being placed in south lane from ready-mix truck



Photo 13. View of concrete placement and use of vibrators

.Pl

Photo 14. Cross forms used in center lane to fcrm 25- by 25-ft

sections. Moment transfers are shown along, the sides



Photo 15. Pouring of 25- by 25-ft slabs in center lane between north
and south lanes

Photo 16. Spraying of curing compound on south lane

.4- -a



rr-'

Photo 13. View of concrete placement and use of vibrators

.... ... ......

Photo 14. Cross forms used in center lane to fcrm 25- by 25-ft
sections. Moment transfers are shown along, the sides
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Photo 17. Asphalt emulsion sprayed on portland cement concrete as a

tack coat prior to overlaying with asphaltic concrete
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Photo 18. Asphaltic concrete overlay being placed on

portland cement concrete
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Photo 19. Vibratory steel-wheel roller compacting asphaltic concrete

.7,

Photo 20. Self-propelled, 50,000-lb pneumatic-tired roller
compacting asphaltic concrete



Photo 21. Load cart used in traffic tests to simulate F-4C aircraft
loading

•

Photo 22. Load cart used in traffic test to simulate C-141 aircraft

loadings
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Photo 23. Construction of a simulated crater
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Photo 24. Excavated crater with an approximate center depth of 10 ft
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Photo 25. Gravel being spread in bottom of crater with backhoe
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Ptoto 26. Gravel being compacted with vibrator foot attached to

backhoe boom
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Photo 27. Rubble being compacted in crater 5

Photo 28. Grater 1 after filling bottom portion with washed gravel
and compacting



Photo 29. Crushed limestone being placed 
into upper portion of crater I

Photo 30. Compaction of crushed limestone 
with vibratory steel-wheel

roller, crater I
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Photo 31. Vibrator foot compacting around edges of crater

Photo 32. Pneumatic-tired roller compacting final lift in crater 1
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Photo 33. Scissor-type moment transfer device installed in crater 2
by clamping to the existing concrete slab
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Photo 34. General view of crater 2 showing plastic film and PVC pipes

installed prior to grouting. Moment transfer devices are installed
,along the south half of the crater
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Photo 35. Front-end loader placing initial limestone over slotted
plastic pipes in crater 2
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Photo 37. Backhoe used to push limestone away from edges of crater
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Photo 38. Front-end loader spreading limestone in crater
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Photo 39. View of crater 2 in foreground after spraying limestone with
water and just prior to grouting

Photo 40. Commercial grout ptmping equipment used in grouting of
craters 2 and 3
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Photo 41. Crater 2 shown almost filled near the end of the grouting

operation
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Photo 43. Crater 3 with polyethylene film placed over limestone just

prior to grouting. Both the undercut and fabricated moment transfer
devices can be observed along the perimeter of the crater
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Photo 44. Grout being pumped into top portion ot crater 3 prior to
placement of limestone
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Photo 45. Moment transfer devices located in south half of crater 3
after initial pumping of grout
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Photo 46. Front end loader placing limestone in crater 3. Note stock-
piled limestone in rear being wetted prior to placement in crater
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Photo 47. Vibratory steel-wheel roller compacting limestone in crater 3,
while crater 2 (in background) is being filled with grout

II

Photo 48. Undercut beinig excavated in northi half of crater 4, prior
to placement of reinforcement St-C~l



Photo 49. Drilling of 1-1/4-in, holes in existing vertical face of con-
crete slab for placement of steel dowels in south half of crater 4
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Photo 50. Completed holes in yer ical tace of concrete slab
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Photo 51. View of crater 4 looking west just prior to concrete place-
ment. The undercut section in the north half of the crater has the
steel reinforcement in place and the steel dowels are shown protruding

from the slab after being grouted in the drilled holes

Photo 52. Concrete being placed in crater directly onto washed

gravel in crater 4
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Photo 53. Finishing top surface of crater 4 as concrete placement is
being completed
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Photo 54. Wetting of burlap covering crater 4 to aid in proper
curing of the concrete
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Photo 55. Crater 5 ready for concrete after lower portion was
filled with lean clay and rubble
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Photo 56. Concrete being placed in the top 15 in. of crater 5



Photo 57. Front-end loader used to place and spread the crushed
limestone in two lifts in crater 6

Photo 58. Rolling of the first lift with a vibratory steel-wheel
roller in crater 6
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Photo 59. Rolling crushed stone with 110,000-lb, 90-psi
pneumatic-tired roller
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Photo 60. Applied prime coat of SS-1 before application of

asphaltic concrete in crater 6
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Photo 61. Asphaltic concrete being placed into the crater

Photo 62. Spreading asphaltic concrete with motor grader in crater 6
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Photo 63. Rolling asphaltic concrete with vibratory steel-wheel
roller in crater 6

Photo 64. Aerial view of t es t section showing c-141 load
cairt traiffiCking SUCtion



Photo 65. Test section looking west with F-4C load cart operating
in lane 1, and larger C-141 load cart in lane 2
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Phot 66 Craer , lne 1 pror t trffi
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photo 67. surface of crater I after 380 passes of F-4C load cart

Photo 68. close-up of Ilnietofl suirface a fter 1020) passes of C-141
I oA cart
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Photo 69. Rutting of limestone adjacent to asphalt after 3400 passes
of C-141 loading

Photo 70. Maintenance being performed on limestone repair in crater 1
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Photo 71. Pneumatic-tired roller compacting limestone which was added to
crater I as part of normal anticipated maintenance
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Photo 72. View of crater 1, lane 1, after completion of maintenance
and prior to resumption of traffic
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Photo 73. Repair surface of crater 1, lane 1, after 4692 passes
of the C-141 load cart
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Photo 74. Overall view of crater 1, lane 1 after completion of

traffic showing some minor rutting



Photo 75. Surface of crater 1, lane 2, prior to traffic

Photo 76. Surface of crater 1, lane 2, after 510 passes of
the C-141 load cart
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Photo 77. Crater 1, lane 2, after 1700 passes of the C-141 load cart

showing a relatively smooth surface
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Photo 78. Rut depth of crater 1, lane 2, after 3400 passes of
C-141 load cart during periods of rainfall
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Photo 79. Asphaltic filmi being placed by hand over surface of

limestone to keep individual limestone aggregates intact

Photo 80. Rolling of asphalit i, t Im in crate~r 1, lane 2,
using self-proptIHri r,,1Ir with se~ven tires
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Photo 81. Surface of crater after completion of asphaltic

film placement
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Photo 82. Wrinkles in the asphalt-coated fabric after 10 passes
of the C-141 load cart



Photo 83. End of fabric rolled back to show condition of bottom
surface after loss of bond

Photo 84. Crater I showing condition after traffic in lane 2
after 5100 passes
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Photo 85. Crater 2, lane 2, just after grout placement and prior to
traffic. Free water was quite evident on the surface of the repair
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Photo 86. Corner breaks, transverse cracks, and some spalling
after 340 passes of the C-141 load cart, crater 2, lane 1
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Photo 87. Increased spalling and more pronounced corner breaks
and transverse cracks in crater 2, lane 1, after 1020 passes

of the C-141 load cart

V .

Photo 88. View of crater 2, lane 1, after 1700 passes of the
C-141 load cart showing visible spalling, especially at

locations of moment transfer devices
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Photo 89. Crater 2, lane 1, after 3400 passes of the C-141 load cart,
showing some progression of corner breaks and spalling over the

moment transfer devices

Photo 90. Increase in spalling at corners and along joints after

4692 passes of traffic
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Photo 91. View of crater 2, lane 1, at completion of traffic
showing some spalting of grout
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Photo 92. Crater 2, lane 2, prior to traffic, which shows the

irregular surface as evidenced by water-f ii ed depressions
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Photo 93. Crater 2, lane 2, showing hairline cracks and corner breaks
in crater corner after 45 hr of curing time and 510 passes of the

C-141 load cart
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Photo 94. Crater 2, lane 2, showing additional hairline cracks and
corner breaks (painted white) after curing time increase of 43 hr

with no traffic
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Photo 95. Increase in spalling in crater 2, lane 2, after completion
of 1700 passes of the C-141 loading

Photo 96. Close-up of northeast corner of crater 2, lane 1, showing
spalling after 3400 passes of the C-141 load cart
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Photo 97. Crater 2, lane 2, after completion of traffic showing
spalling, crack, and corner break conditions
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Photo 98. Crater 3, lane 1, shortly after grout placement showing
indications of water-filled depressions
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Photo 99. Crater 3, lane 1, showing initial corner breaks in

repair and indications of minor spalling

Photo 100. Additional corner breaks In crater 3, lane 1, after

3400 passes of the C-141 loading
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Photo 101. Crater 3, Lane 1, after 4692 passes of C-141 traffic
showing spalling at joints of crater
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Photo 102. Crater 3, lane 1, at completion of traffic showing
test pit after repair
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Photo 103. Crater 3, lane 2, after placement of grout and
prior to initiation of traffic

Photo 104. Crater 3, lane 2, initial sign., of stress developing after
510 passes of C-141 l oadinig whiichi was b~egun withiin 16 hir of grout
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Photo 105. Crater 3, lane 3, corner breaks and spalling occurring

after 1700 passes of the C-141 loading

Ph'oto 106. Crater 3, lane 2, view of increased spalling at repair

trner and along joint after 3400 passes of the C-141 load cart



Photo 107. crater 3, lane 2, after completion of traffic
showing spaling along joints
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Photo 108. View of crater 4, lane 1, after 7 days curing time of

portlan cemen and piortopplicaionoftraffi
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Photo 109. Crater 4, lane 1, initial corner break in crater repair
after 760 passes of the F-4C load cart and 680 passes of the

C-141 load cart
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Photo 110. Crater 4, lane 1, additional crack in crater repair

after 1020 passes of the C-141 load cart
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Photo Il1. Overall view of crater 4, lane I, after 4692 passes
of the C-141 load cart showing some minor spatling

Photo 112. Crater 4, lane 1, after completion of traffic showing

absence of major spalling
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Photo 113. Crater 4, lane 2, 7 days after placement of

portianid cement concrete and just prior to traffic

Photo 114. Crater 4, lane 2, no breaks, in croter after
1020 passes of the C-141 load cart
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Photo 115. Grater 4, lane 2, after 3400 passes of
traffic showing no corner breaks or cracks
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Photo 116. Crater 4, lane 2, with a relatively smooth surface
after completion of traffic
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Photo 117. Unevenness of repair in crater 5, lane 1, prior to traffic

Photo 118. Crater 5, lane 1, initial corner break after680 passes of C-141 traffic
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Photo 119. View of crater 5, lane 1, after 3400 passes of the
C-141 load cart showing only minor spalling and a further

increase in corner breaks

All.

4L

f.9

Photo 120. Crater 5, lane 1, no additional corner breaks after
4692 passes although there was some increase in spalling



Photo 121. Crater 5, lane 2, showing portland cement
concrete repair just prior to traffic

Photo 122. Crater 5, lane 2, after 1020 passes of the C-141 load
cart with no major corner breaks and minor spalling
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Photo 123. Crater 5, lane 2, no major corner breaks after
3400 passes of traffic and minor spalling at joints

Photo 124. Subgrade material pumping at corner of crater 5,
lane 2, after 3876 passes of C-141 traffic



Photo 125. View of crater 5, lane 2, after completion

of trafficking with C-141 load cart

Photo 126. Crater 6, lane 2, prior to traffic
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Photo 127. Crater 6, lane 2, after 1020 passes of C-141 traffic

Photo 128. Crater 6, lane 2, after 3400 passes showing
longitudinal fatigue cracks
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Photo 129. Crater 6, lane 2, showing condition after 5100 passes
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Photo ~ ~ ~ ~ ~ ~ ~ ~ .130. .rcigi iint fcae ta curdi
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Photo 131. Reflective crack that occurred over

construction joint in lane 2

Photo 132. Reflective cracking indicating corner breaks and
keyed joint failure after 2856 passes of the C-141 load cart



Photo 133. Cross section of concrete core taken through

keyed joint showing failure of male portion of key
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